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ABSTRACT

An annua cycle of cloud and radiation measurements made as part of the Surface Heat Budget of the Arctic
(SHEBA) program are utilized to determine which properties of Arctic clouds control the surface radiation
balance. Surface cloud radiative forcing (CF), defined as the difference between the all-sky and clear-sky net
surface radiative fluxes, was calculated from ground-based measurements of broadband fluxes and results from
a clear-sky model. Longwave cloud forcing (CF,,,) is shown to be a function of cloud temperature, height, and
emissivity (i.e.,, microphysics). Shortwave cloud forcing (CFg,) is a function of cloud transmittance, surface
abedo, and the solar zenith angle. The annual cycle of Arctic CF reveals cloud-induced surface warming through
most of the year and a short period of surface cooling in the middle of summer, when cloud shading effects
overwhelm cloud greenhouse effects. The sensitivity of CF,,, to cloud fraction is about 0.65 W m~2 per percent
cloudiness. The sensitivity of CFg, to cloud fraction is a function of insolation and ranges over 0-1.0 W m—2
per percent cloudiness for the sun angles observed at SHEBA. In all seasons, liquid-containing cloud scenes
dominate both LW and SW radiative impacts on the surface. The annual mean CF,,, (CFg,) for liquid-containing
and ice-only cloud scenes is 52 (—21) and 16 (—3) W m~2, respectively. In the LW, 95% of the radiatively
important cloud scenes have bases below 4.3 km and have base temperatures warmer than —31°C. The CF,,,
is particularly sensitive to LWP for LWP < 30 g m~2, which has profound implications in the winter surface
radiation balance. The CFg, becomes more negative as surface albedo decreases and at higher sun elevations.
Overall, low-level stratiform liquid and mixed-phase clouds are found to be the most important contributors to
the Arctic surface radiation balance, while cirrus clouds and diamond dust layers are found to have only a small
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Cloud Radiative Forcing of the Arctic Surface: The Influence of Cloud Properties,

radiative impact on the Arctic surface.

1. Introduction

Clouds play a complex and important role in the
earth’sradiative balance, particularly inthe Arcticwhere
adry atmosphere and high surface albedo amplify cloud
radiative influences. Furthermore, Arctic clouds play
significant roles in the influential but not well under-
stood ice-albedo and cloud—radiation feedback mech-
anisms (Curry et al. 1996). Due to these feedbacks and
the presence of seaice, the Arctic is expected to be very
sensitive to global changesin climate (Meehl and Wash-
ington 1990); however, our knowledge of how changes
may affect Arctic clouds, sea ice, surface temperature,
and atmospheric moistureis limited. For example, mod-
ificationsin surface temperature, cloud condensation nu-
clei concentration, and/or low-level atmospheric stabil-
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ity will undoubtedly coincide with changesin cloudiness
and cloud characteristics such as water content, particle
size, and precipitation amount. Understanding these po-
tential changes is critical since Arctic clouds are con-
siderably important in the annual onset of snowmelt
(Zhang et al. 1996), in the yearly melting and formation
of sea ice (Maykut and Untersteiner 1971), and in de-
termining atmospheric heating rate profiles.

Clouds participate in two competing manners in the
surface radiation budget: warming the surface through
the emission of longwave (LW) radiation and cooling
the surface by shading the incident shortwave (SW) ra-
diation. Clouds are especially important in the Arctic
LW budget because of the dryness of the Arctic at-
mosphere, relative to lower latitudes, which produces
relatively less clear-sky atmospheric emission. Due to
frequent temperature inversions, Arctic clouds often
emit at temperatures that are warmer than the underlying
surface. The role of clouds in the Arctic SW budget is
variable over the annual cycle due to the long polar
summer and winter and the highly reflective surface.
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Sun angle also impacts the cloud-SW radiation rela-
tionship, but its exact role is unclear (Minnett 1999;
Curry et a. 1996).

The balance of these SW and LW effects is referred
to as cloud radiative forcing (CF), with positive CF
indicating that clouds warm the surface relative to clear
skies, and negative CF indicating that clouds cool the
surface. Using surface-based measurements, Intrieri et
al. (2002a) showed that over the permanent ice pack in
the western Arctic basin, clouds warm the surface
through most of the year except for a short period in
midsummer when their albedo effect outweighs their
greenhouse effect. Other studies have made similar ob-
servationsin the Arctic based on satellite measurements
(e.g., Schweiger and Key 1994), surface observations
(e.g., Cogley and Henderson-Sellers 1984; Walsh and
Chapman 1998), and model studies (e.g., Curry and
Ebert 1992), although the spread in resultsis significant
in terms of total surface heat budgets.

Since clouds are so intimately involved in the Arctic
surface radiation budget, it is necessary to more clearly
understand how they interact with radiation and to dis-
tinguish which particular cloud properties are most im-
portant. In effect, we need to answer the question: What
makes an Arctic cloud radiatively important? An ap-
propriate answer to this question is essential in order to
accurately model cloud—radiation interactions.

Modeling is the most practical method to understand
widespread climate change, especialy in the Arctic
where observations are hindered by the extreme con-
ditions encountered there. One model study suggested
that an increase in atmospheric greenhouse gases would
lead to increases in total cloudiness and a subsequent
warming of the Arctic surface (Miller and Russell 2002).
Climate change studies of this nature, which have the
potential to provide important results for climate pre-
diction, are only possible if climate models can accu-
rately portray the interactions of clouds, radiation, the
atmosphere, and the surface. Current model results,
however, are highly variable, particularly in the Arctic
and in dealing with Arctic clouds. Tao et al. (1996) and
Chen et al. (1995), in documenting an intercomparison
of 19 genera circulation models (GCMs), showed a
variation of greater than 50% in total cloudiness pre-
dicted by the different models, with some models show-
ing an opposite annual cycle trend from surface obser-
vations. A more recent comparison of 13 GCMs showed
moderate improvements in simulating cloudiness; how-
ever, large deficiencies still exist in modeling the cloud—
radiation relationship (Walsh et al. 2002). To improve
and assure model quality, observational data must be
incorporated into any parameterization development.
Therefore, intensive observational programs, such asthe
Surface Heat Budget of the Arctic Ocean (SHEBA) pro-
gram (Perovich et al. 1999; Uttal et al. 2002), have
recently focused on improving observational datasets
on the cloud-radiation and ice—albedo feedbacks in the
Arctic.
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The SHEBA field camp was based on an icebreaking
ship that was frozen into, and drifted with, the perma-
nent ice pack in the Beaufort and Chukchi Seas north
of Alaska from October 1997 to October 1998. An ex-
ceptional quality of the SHEBA program was that, for
the first time, a wide range of Arctic ice, atmosphere,
and ocean observations were made over a full annual
cycle. The SHEBA experiment included an extensive
suite of state-of-the-art instruments capable of measur-
ing all components of the surface heat budget. Here, we
examine an annual cycle of cloud measurements from
lidar and radar (Intrieri et al. 2002b) and broadband
radiation measurements (Persson et al. 2002) to identify
the characteristics of clouds that are important in the
Arctic surface radiation balance. Intrieri et al. (2002a)
presented average surface cloud forcing information for
SHEBA, with an annual average LW and SW CF of 38
and —9 W m~2, respectively. Here, we expand upon
this previous work by examining the qualities of clouds
that make them radiatively important to the surface.
Namely, we explore cloud temperature, height, phase,
and liquid water path and how these factors influence
the radiative balance. Furthermore, we examine how
solar zenith angle and surface albedo influence the effect
that clouds have on surface radiation. A simpleradiative
flux model and sensitivity relationships are used to qual -
itatively illustrate the impact of changes to various pa-
rameters on the radiation balance.

2. Instruments and data considerations
a. Instruments and measurements

Upwelling and downwelling radiometric fluxes were
measured at SHEBA using broadband radiometers
(Persson et al. 2002). Eppley Precision Infrared Radi-
ometer hemispheric flux pyrgeometers were used to
measure LW radiation, and Precision Solar Pyranome-
ters were used to measure SW radiation. Estimated un-
certainties for the net surface fluxes are 4.5% for SW
(with a negative bias of afew W m=2) and =4 W m—2
for LW (Intrieri et al. 2002a). All radiation measure-
ments used in this dataset were hourly averages.

Observations of cloud presence and base height were
made at SHEBA by a combination of lidar and radar
measurements. The Depolarization and Backscatter Un-
attended Lidar (DABUL; Alvarez et al. 1998) measured
profiles of returned power and depolarization ratio for
9 months of the SHEBA year. The Millimeter Cloud-
Radar (MMCR; Moran et al. 1998) operated for over
11 months of the SHEBA year and provided profiles of
radar reflectivity. The collocated measurementsfromthe
DABUL and the MM CR were combined to give acom-
prehensive, time-height view of cloudiness at SHEBA
on an hourly time scale. For this dataset, a cloud was
considered to be present if either instrument observed
a hydrometeor return. Additional details on these in-
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struments and the combined cloud dataset are presented
in Intrieri et al. (2002b).

Column-integrated liquid water path (LWP) was de-
rived from brightness temperatures measured by the mi-
crowave radiometer (MWR) operated by the Atmo-
spheric Radiation Measurement Program (ARM; Stokes
and Schwartz 1994) at SHEBA. The LWP retrievalsare
described by Westwater et a. (2001), who estimate the
retrieval uncertainty to be about 25 g m=2.

Profiles of temperature and relative humidity were
measured by a GPS/LORAN atmospheric sounding ra-
diosonde system. Soundings were made daily at 1200
and 2400 UTC for the entire SHEBA year, with addi-
tional soundings made at 0600 and 1800 UTC during
periods of April through July 1998. Profiles were con-
sidered to be instantaneous at the time of the radiosonde
launch, under the assumption that the radiosonde drift
roughly follows the drift of the cloud scene observed
by the vertically pointing instruments at the time of the
launch. Uncertainties in measured temperatures are
0.2°C; however, the uncertainty that arises from inter-
polating in time is somewhat larger. Interpol ated sound-
ing data were used as model input and along with lidar/
radar cloud boundary measurements to determine cloud
temperature.

b. Identifying the presence of liquid water

The DABUL and MWR provide independent mea-
surements of whether or not liquid exists in the vertical
column. Each instrument has its limitations, however,
which preclude our ability to fully characterize the phase
of all clouds observed at SHEBA. For the MWR, re-
trievals of LWP greater than 25 g m-2 (the retrieval
uncertainty) clearly indicate the presence of liquid but
do not distinguish its vertical location. For the DABUL,
depolarization ratios less than 0.11 indicate liquid water
at a given vertical location (Intrieri et al. 2002b), but
the lidar signal attenuates in optically thick clouds, pre-
venting measurements in higher cloud layers. At SHE-
BA, the DABUL detected liquid in the vertical column
72% of the time clouds were present and 49% of all
time, while the MWR showed a significant level of lig-
uid for these same quantities 50% and 41% of the time,
respectively. Thus, these two techniques for identifying
liquid do not always agree, and the disagreement is
largely due to the high uncertainty in the MWR LWP
retrievals. For timeswhen DABUL did not detect liquid,
the MWR LWP values are aimost always below the
uncertainty threshold (Fig. 1). For times when DABUL
detected liquid, the distribution of LWPs shows many
large and positive values, but also reveals that a sig-
nificant portion (~40%) of the values fall below the
liquid detection threshold. Here, the atmosphere is con-
sidered to contain cloud liquid in some amount if either
instrument indicates liquid.
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FiG. 1. Probability distribution functions of microwave-radiometer-
derived LWP for time periods when the lidar observed liquid and no
liquid in the atmospheric column. The dotted vertical lines identify
LWP = 0 g m~2 and the LWP retrieval uncertainty of 25 g m=2.

3. Cloud radiative forcing

Cloud radiative forcing is defined as the radiative
impact that clouds have on the atmosphere, surface, or
top-of-the-atmosphere (TOA) relative to clear skies.
Here, we are interested in the role clouds play at the
surface. The LW, SW, and total surface cloud forcing
parameters are given as (Ramanathan et al. 1989)

CFLW = F(Ac) - F(O), (1&)
CFsw = Q(A) — Q(0), (1b)
CF = CF,,, + CFq, (10)

where A, is the cloud fraction, F and Q are the net
surface LW and SW fluxes, respectively; the first and
second terms in (1a) and (1b) are for all-sky and equiv-
alent clear-sky conditions, respectively, and all fluxes
are defined as positive downwards. The equivalent clear
sky terms, according to these definitions, are considered
to be the net surface fluxes neglecting all direct cloud
effects. A negative cloud forcing indicates that clouds
reduce the amount of radiation at the surface (i.e.,, a
cooling effect), while a positive cloud forcing indicates
surface warming.

a. A model for surface cloud forcing

In order to investigate the role of cloud and environ-
mental properties in surface cloud forcing, (1) can be
expanded using first-order atmospheric radiative flux
models. The equations provided in this section are not
intended to be fully quantitative but rather to act as
qualitative tools to identify radiatively important prop-
erties. The models also provide a means for understand-
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ing how the surface radiation balance may respond to
changes in these properties.

The upwelling, surface emission, components of both
all-sky and clear-sky net LW surface fluxes approxi-
mately cancel when calculating CF,,, with (1a); there-
fore, only the downwelling fluxes are considered here.
The assumption of similar surface emission (or tem-
perature) under clear and cloudy skies is most appro-
priate when considering the instantaneous effect of
clouds on the surface, asis done here. The downwelling
clear-sky LW flux is due to emission by aerosols and
atmospheric gases. With the addition of a cloud layer,
the LW flux becomes the sum of transmitted atmo-
spheric emission above the cloud layer (which ismostly
absorbed by the cloud), emission from the cloud itself
(which is partially absorbed by the below-cloud atmo-
sphere), emission from the atmosphere below the cloud,
and radiation that is reflected downward by the cloud.
To illustrate this radiative system, we consider the at-
mosphere divided into three slabs: the above-cloud at-
mosphere, the cloud layer, and the below-cloud atmo-
sphere. Each layer has an effective temperature and
broadband transmittance. We make the assumption that
the temperature profile is independent of the cloud pres-
ence. Based on this generalized radiative transfer model,
the clear and cloudy sky downwelling LW surfacefluxes
are given by

F+() = t, oT2 + oT}, (2a)
Fr(A.=1) =1t,(1 — g)oT2 + tye.0Ts + oT§
+ Re, (2b)

where T is temperature, t is broadband transmittance,
isbroadband emissivity, o isthe Stefan—Boltzmann con-
stant, and the subscripts ¢, a, and bl denote the cloud,
the above-cloud atmosphere, and the below-cloud at-
mosphere, respectively. Since cloud IR reflectance is
small compared to cloud emission (Smith et al. 1993),
the cloud reflectance term, Re, can be neglected. Cloud
emissivity isthen related to cloud LW transmittance via
e, = 1 — ty, where the cloud transmittance is t, =
exp(—7y), and 7, is the cloud LW absorption optical
depth, which is related to microphysical properties.
Thus, to a first-order approximation, CF,,, is the con-
tribution to the downwelling flux from cloud emission
minus the radiation from the above-cloud atmosphere
that the cloud absorbs:

CFw = tye.oT¢ — tye.0Ts = tye.o(Té — T3). (3

Based on Arctic standard atmospheric profiles (Key
2001) of temperature, humidity, and downwelling LW
flux, the effective temperature for the above-cloud at-
mosphere, T,, at the cloud layer can be statistically de-
termined from the cloud layer height. Due to the ex-
ponential decline of water vapor with height, the dif-
ference AT = T, — T, increases approximately linearly
with height in the troposphere according to AT = 2.8z,
+ 20, where z_ is the cloud height in kilometers. Thus,
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T, can be approximated from information on the cloud
height.

Net surface SW fluxes under clear and cloudy skies
can be approximated as

Q) = thSuo(l — @) = Q'(1 — ay), (48)
Q(Ac) = tbsS“’O(l - as)tcs = (gl (1 - as)tcsi (4b)

where Sis the solar constant, u, = cos6, 0 is the solar
zenith angle, t,, is the broadband atmospheric SW trans-
mittance, «, is the broadband surface abedo, t is the
broadband cloud SW transmittance (direct plus diffuse),
and Q! = t,.Su, is the downwelling clear-sky surface
SW flux. The SW cloud transmittance is a complex
function of cloud microphysical structure, solar zenith
angle, and the surface albedo. Equations (4a) and (4b)
assume that, to a first order, the variation of «, with
cloud fraction has a minimal impact. Thus, according
to (1b), CFg, is then

CFyy = 1, Scosf(l — a)(t, — 1)

= Q@1 - a)(ts — D). ()

Combining (1c), (3), and (5) yields a first-order ap-
proximation for the total CF:

CF = tblsca-(Tg - T:) + tbSSM"O(l - as)(tcs - 1) (6)

In summary, Eq. (6) reveals the major components
that contribute to surface cloud forcing: cloud temper-
ature and height, cloud microphysical composition, so-
lar zenith angle, and surface albedo. M easurementsfrom
SHEBA are utilized to elucidate how each of these pa-
rameters participates in surface cloud forcing from an
observational perspective. The SW and LW atmospheric
transmittances also impact CF, however, they are not
examined in depth here.

b. Calculations of surface cloud forcing

Surface cloud forcing was calculated on an hourly
basis for the SHEBA year, using the definition of Ra-
manathan et al. (1989), as the measured net surface
radiative flux minusthe net flux had the skies been cloud
free. Due to the ubiquitous presence of clouds in the
Arctic, especially during the summer with monthly
cloud fractions of ~90% (Intrieri et al. 2002b), a ra-
diative transfer model was employed to calculate the
clear sky fluxes instead of relying upon sporadic mea-
surements of clear-sky conditions. Clear-sky LW and
SW, upwelling and downwelling surface radiative fluxes
were calculated using the Santa Barbara Discrete Or-
dinate Radiative Transfer (DISORT) Atmospheric Ra-
diative Transfer (SBDART) algorithm (Ricchiazzi et al.
1998). Model inputs included hourly location of the
SHEBA site, interpolated temperature and relative hu-
midity soundings, and surface albedo calculated from
the broadband radiometers. Since detailed aerosol mea-
surements were not made at SHEBA, an SBDART stan-
dard maritime aerosol profile was assumed. Further de-
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tails on the clear-sky model and surface cloud forcing
calculations are available in Intrieri et a. (2002a). An-
nual cycle CF statistics are presented in 20-day averages
because this time period retains the features of the an-
nual cycle but smooths over synoptic weather events,
extended clear-sky periods, and periodic instrument out-
ages.

Uncertainty in the cloud forcing calculations arises
from three sources—model uncertainties, measurement
errors, and instrument mismatches. Due to these uncer-
tainties, cloud forcing calculations for clear-sky con-
ditions were distributed around 0 W m~-2. The CFg,
(CF.) mean and standard deviation under clear-sky
conditions are 0 (6) and 8 (11) W m~2, respectively.
Therefore, we consider the uncertainty of the SW and
LW cloud forcing calculations to be about 10 W m~2.
Of thistotal estimated uncertainty, Intrieri et al. (2002a)
approximated the measurement-based errors in CF,,
and CFg,, to be about 3 W m~2 and 4.5%, respectively.
Differences in instrument viewing scene contributed to
the CF,,, bias under clear skies when the vertically
pointing lidar/radar observed clear sky overhead but a
cloud was observed in the hemispheric view of the ra-
diometers.

c. Surface cloud forcing sensitivity

To understand the implications of model/measure-
ment uncertainties and potential changes in radiatively
important parameters on the cloud radiative effect, we
examine the sensitivity of CF to various cloud and en-
vironmental parameters. We define the sensitivity co-
efficient as the partial differential of a given forcing
parameter with respect to a given cloud or environ-
mental parameter. For example, dCF,,, /0T, is the sen-
sitivity of CF,,, to cloud temperature. In effect, the sen-
sitivity coefficient is the slope of the curve relating the
two parameters at any given point. Sensitivity coeffi-
cients quantify the expected response of cloud forcing
to changes in influential parameters, neglecting any
feedbacks between parameters. Unfortunately, when us-
ing observational datasets, many parameters cannot be
held fixed in order to establish the sensitivity to other
parameters. When observational data cannot be used for
these purposes, sensitivity parameters developed from
the radiative forcing model described in section 3a are
used to elucidate the expected impacts on CF from po-
tential changes in radiatively important cloud and en-
vironment quantities.

4. Dependence of cloud forcing on cloud presence

There exist strong relationships between cloud frac-
tion (defined from vertically pointing lidar and radar)
over the permanent Arctic ice pack and both CF,,, and
CFg,. Two-day averages of A, plotted against CF,,,
(Fig. 2) show an increasing sensitivity to cloud presence
as A, increases. The sensitivity parameter [0CF,,/0A.;
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Fic. 2. Plot of (a) CF,,, and (b) CFg, vs vertically pointing cloud
fraction. The LW data are in 2-day averages, while SW data are in
1-day averages.

in units of watts per meter squared per percent cloud-
iness (W m~—2 %~1)] increases from about 0.3 to 0.8 W
m~2 %~ across the range of observed cloud fraction
with a mean of ~0.65 W m~2 %~*. Scatter in this re-
lationship is due to variability in cloud microphysical
composition and temperature, whilethe negativeforcing
values are attributed to clear-sky model errors. The
strong sensitivity relationship suggests that an increase
in cloudiness will substantially increase the amount of
LW radiative warming at the Arctic surface, which was
observed in the SHEBA measurements (Persson et al.
2002) and has been concluded by previous model stud-
ies (e.g., Curry et al. 1993). This positive correlation is
the cloud greenhouse effect, which is particularly im-
portant in the Arctic due to the absence of solar energy
for much of the year and because prevalent, low-level
cloud layers often reside within strong temperature in-
versions.

The sensitivity of CFg, to A, is complicated over the
course of the year because SW effects are, by nature,
dependent upon the highly varying solar zenith angle
and surface albedo. However, thereis agenera negative
correlation, as illustrated in Fig. 2, where increased
cloud cover causes a larger SW cooling effect at the
surface. This negative correlation is the cloud albedo
effect. The coefficient dCFg,/0A. varies with solar ze-
nith angle from 0 W m-2 %-* when the sun is at or
below the horizon to about 1.0 W m~2 %-* when the
sun is at a zenith angle between 55° and 65°. For higher
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sun elevations (i.e., in more southerly locations) this
sensitivity will be larger.

The balance of oCF,,/0A, and 0CF,,/0A, defines the
net surface radiative response to changes in cloudiness.
At SHEBA, JCF,,,/0A, was larger than oCF,/0A, for
the majority of the year; thus, increases in cloudiness
from current conditionswould lead to asurfacewarming
effect. Only in midsummer when the sun was highest
in the sky did aCFg,,/0A, surpass oCF,,,/0A., indicating
that increases in summer cloudiness would cool the sur-
face. At lower latitudes, with higher sun elevations,
dCFg, /oA, will be larger than oCF,,,/0A, for a longer
portion of the year. The hinge point at which the SW
sensitivity outweighsthe LW sensitivity isclearly linked
to the availability of solar energy in addition to other
factors such as surface albedo and cloud properties.

5. The components of LW surface cloud forcing

The LW radiative properties of clouds are primarily
determined by cloud temperature, height, and emissivity
(or microphysical properties).

a. Cloud temperature and height

When considering cloud temperature, the role of fre-
quent low-level Arctic temperature inversionsis partic-
ularly important since low clouds often reside at tem-
peratures greater than the underlying surface. Figure 3
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shows distributions of CF_,, for the entire SHEBA year
that are distinguished by different temperature and
height ranges. A distribution of CF,, for conditions
identified as clear sky by the vertically pointing instru-
ments is also provided and reveals the uncertainty in
forcing calculations due to model and measurement er-
rors. Clouds warmer than —15°C are primarily respon-
sible for the largest CF,,, values, while clouds colder
than —30°C are most often indistinguishable from clear
skies. Intermediate temperature clouds show a range of
CF,,, from around O to greater than 60 W m~2. In terms
of cloud height (Fig. 3b), the largest positive CF,,, val-
ues correspond with cloud scenes based below 0.5 km.
The apparent decrease in CF,,, with height is deceptive
in that it is mostly due to the related cloud temperature
effect. According to (3), CF,,, actualy increases with
cloud height for a constant cloud temperature. Thisforc-
ing increase is due to a decrease in the above-cloud
atmospheric flux that is absorbed by the cloud (i.e., the
above-cloud effective temperature decreases with
height), while the cloud emission term is nearly un-
changed. Two cloud height ranges show distribution
modes that are similar to the CF_,, distribution for clear
skies: high clouds above 3 km and low clouds below
0.5 km. The high-cloud component demonstrates the
manner in which lower temperatures, and often lower
emissivities, at higher altitudes produce a weak CF,,,.
The low-level component is somewhat more surprising.
These clouds are typically diamond dust (ice crystal
layers that extend down to the surface) that are within
a few degrees of the surface temperature but have very
low emissivities. Thus, these data indicate that diamond
dust does not have a significant impact on the surface
radiation balance over the Arctic ice pack. A more de-
tailed analysis of the diamond dust observationsat SHE-
BA is provided by Intrieri and Shupe (2003, manuscript
submitted to J. Climate).

Based on the data shown in Fig. 3, a CF,,, threshold
can be identified below which clouds are considered
radiatively insignificant (or indistinguishable from clear
skies) in the LW. The mean CF,,, under clear sky con-
ditions is 6.3 W m~2; thus, we only consider forcings
greater than this value to be significant. The positive
biasin CF,,, under clear sky conditionsis primarily due
to partial cloudinessthat is not detected by the vertically
pointing instruments (i.e., classified as clear sky) but is
detected by the hemispheric radiometers. Of the radia-
tively significant cloud scenes, 80% had bases below 1
km and temperatures warmer than —23°C. Ninety-five
percent of the radiatively significant cloud scenes were
based below 4.3 km with temperatures warmer than
—31°C. By season, 95% of the radiatively important
clouds had base temperatures above —36°C in winter
(November—February), —30°C in spring (March-May),
and —10°C in summer (June-September).

The CF,,, becomes more sensitive to T, as T, cloud
emissivity, and cloud height increase. Increases in the
first two parameters cause the cloud emission term in
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cloud fraction. The dotted line shows CF = 0 W m~2,

(3) to be more dominant, whileincreasesin cloud height
cause the upper-atmosphere emission term to be less
dominant. In each case, the cloud emission term in-
creases in relative importance such that the LW forcing
is more sensitive to changes in cloud emission. Under
typical Arctic conditions (with black clouds at &, = 1),
the cloud temperature sensitivity coefficient, 9CF,,,/0T,,
has an average value of about 1 W m~2 (°C)* over the
typical range of cloud temperatures. The sensitivity of
CF,,, to cloud height is also positive, but decreaseswith
atitude due to the same argument as for T, albeit in
the opposite direction. To place these results in the con-
text of potential cloud changes, consider a black cloud
at 4 km, T, = 0°C, and t,, = 0.7. Under these circum-
stances a 1°C increase in T, or a 0.15 km increase in
cloud height will lead to a1 W m~2 increase in CF,,.
These types of changes in cloud properties are possible
and likely in response to changesin global and regional
temperature, circulation, and/or dynamics.

b. Cloud phase and microphysics

Cloud phase in and of itself does not directly control
CF,.v; the absolute relationship between particle size
and CF_,, issimilar for both liquid dropsand icecrystals
(Francis 1999). However, phase does play an important
indirect rolein that it defines cloud microphysical com-
position. Ice particles are typically larger than liquid

droplets but have a smaller relative mass density and
occur in smaller concentrations.

The annual cycle of 20-day average CF,,, is shown
in Fig. 4a aong with the contributions to this total from
cloud scenes containing liquid water and those contain-
ing only ice. Liquid-containing cloud scenes are the
dominant LW radiative component in all seasons except
the middle of winter, when ice-only cloud scenes have
asimilar LW contribution. These annual cycles suggest
that there is a higher fraction of ice-only clouds in the
winter (Intrieri et a. 2002b) and that the difference in
cloud emissivity between cloud types is smaller in the
winter (i.e., winter liquid clouds have lower LWPs). In
no season do the ice-only clouds contribute more than
10 W m~2 to the mean LW forcing.

Distributions of CF,,, for liquid-containing cloud
scenes, ice-only cloud scenes, and clear skies are shown
in Fig. 5a. The distribution of CF_,, for ice-only cloud
scenes is similar to the distribution for clear skies (dis-
cussed above). However, the distribution for liquid-con-
taining cloud scenes shows a strong LW warming effect
at the surface. The slight skewness to the ice-only dis-
tribution suggests that some optically thicker ice clouds
do have asignificant warming effect. Annual mean CF,,,
values are 52, 16, and 6 W m~2 for liquid-containing,
ice-only, and clear-sky conditions. The bias of CF,
under clear-sky conditions provides an uncertainty es-
timate for the forcing values computed in this manner.
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Both Figs. 4a and 5a indicate the strong role of cloud
phase in the surface LW radiative balance. Specifically,
the presence of liquid water significantly increases the
cloud LW greenhouse warming effect. Asis evident in
(3), the manner in which cloud phase, and thus micro-
physics, contributesto CF,,, isthrough cloud emissivity.
Stephens (1978) parameterized the downwelling broad-
band LW cloud emissivity as

g, = 1 — e 2Wp, @)
where a, isthe total IR flux mass absorption coefficient,
and the particle size is assumed to be related to LWP.
Other studies have parameterized the exponential com-
ponent of (7), or the optical depth, in terms of both
LWP and particle size (e.g., Curry and Herman 1985).
We acknowledge the importance of cloud particle size
but do not specifically addressit here and instead utilize
(7) since we have direct retrievals of LWP from the
MWR. Equation (7) does not adequately describe the
emissivity of all-ice clouds, but is appropriate for the
most radiatively significant (liquid-containing) cloud
scenes observed at SHEBA.

The observed relationship between cloud microphys-
ics (expressed in terms of LWP) and CF,,, is shown in
Fig. 6a The CF,,, increases with LWP until LWP = 30
g m~2, after which point clouds emit as blackbodies (&,
= 1), and increasing LWP has no further impact on
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Fig. 6. Observed relationship between MWR-derived LWP and (a) CF,,,, (b) CFg,, and (c) CE Curves in
(a) are derived from Eqg. (3) using typical cloud temperatures of 0° (dash—dot), —20° (long dash), and —40°C
(short dash). Cloud base and LW atmospheric transmittance were assumed to be 1 km and 0.9, respectively.
Curves in (b) are derived from Eq. (5) for typical spring (short dash) and midsummer (dash—dot) conditions
using values for 6, «, of 80° 0.8 and 60°, 0.5 respectively.
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downwelling LW radiation. Scatter in Fig. 6ais due to
variations in cloud phase, temperature, height, and hy-
drometeor size. Nearly all observationswith small CF,,,
(=20 W m~2) contain insignificant amounts of liquid
water (i.e., less than the MWR LWP uncertainty). The
curvesin Fig. 6a are based on (3), utilizing (7), and are
specified to represent a typical range of cloud temper-
atures observed at SHEBA (T, = —40°, —20°, and 0°C)
for acloud at 1 km. The comparison of the observational
data with these theoretical curves, which were defined
to roughly bound the observational data, suggests that
(3) is a reasonable approximation for CF.

The sensitivity of CF_,, to LWP decreases as LWP
increases and goes to zero at LWP = 30 g m~2. This
LW saturation effect has been noted often in the liter-
ature. Unfortunately, due to the retrieval uncertainty of
the MWR, we do not have adequate measurements of
LWP in the high-sensitivity regime below 25 g m—2.
From (3) and (7), we see that oCF,,,,/0LWP is also pro-
portional to the fourth power of T, and cloud height.
Thus, changes in LWP are most important in high, op-
tically thin yet relatively warm clouds, such as the fre-
guent Arctic winter mixed-phase cloudsthat reside with-
in a strong temperature inversion.

6. The components of SW cloud forcing

In many respects, Arctic CFg, is more complex than
its LW counterpart. Scattering by cloud particlesismore
important in the SW, and multiple scattering between
the surface and cloud layers amplifies the cloud SW
contribution, particularly over a highly reflective sur-
face. Furthermore, the solar zenith angle changes on
both diurnal and seasonal time scales, greatly impacting
the total solar radiation that is available to interact with
cloud layers.

a. Cloud phase and microphysics

Cloud phase has a larger direct influence on SW ra-
diation than on LW radiation due to the difference in
SW scattering properties between spherical water drop-
lets and nonspherical ice crystals. The annual cycles of
CFg, inFig. 4b show that cloud scenes containing liquid
strongly dominate the SW cloud albedo effect in all
sunlit seasons and that ice-only cloud scenes have very
little SW shading effect.

Distributions of CF, for time periods when the sun
was above the horizon (Fig. 5b) also demonstrate that
liquid-containing cloud scenes are responsible for the
periods of significant SW surface cooling. Due to low
sun angles during much of the polar **day,”” the majority
of liquid-containing cloud scenes cause only aweak SW
cooling at the surface. During the higher insolation mid-
summer months, the liquid-containing cloud scenes cool
the surface by as much as 100 W m~2 with respect to
clear skies. The annual mean CFg, from liquid-con-
taining cloud scenesis about —21 W m~2. Distributions
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of CFg, for all-ice and clear-sky conditions are both
centered near zero forcing with the all-ice clouds cool-
ing the surface by an average of —3 W m~2. The CFg,
distribution for clear-sky periods provides an estimate
of the uncertainty in computing the forcing in this man-
ner.

Both Figs. 4b and 5b clearly indicate that liquid-con-
taining clouds cool the surface more than ice clouds. In
other words, liquid cloud scenes have a higher albedo
than all-ice cloud scenes. Model studies by Francis
(1999) suggest that this is due to a size effect rather
than a phase effect since model results actually show
larger cooling for ice particles than liquid droplets of
the same size. The liquid clouds observed at SHEBA
cool more effectively because they are composed of
many small droplets instead of relatively few large ice
crystals, and thus have a greater surface area per vol-
ume, giving them a higher optical depth and a lower
transmittance.

The cloud SW transmittance is a function of cloud
microphysical properties, the zenith angle, and the sur-
face reflectance. Thus, t. includes the net radiative in-
teractions between cloud and surface by taking into ac-
count the direct transmittance of radiation by the cloud,
multiple reflections between the cloud and surface, and
the transmittance of radiation back through the cloud
layer on each reflection from the surface. Cloud trans-
mittance has been parameterized in terms of LWP by
Stephens (1978) and modified by Stephens et al. (1984)
under the assumption that particle size is inherently pa-
rameterized via the LWPR Various authors (e.g., Slingo
1989; Ebert and Curry 1993) have parameterized the
SW optical depth (and, thus, transmittance) in terms of
both LWP and particle size. Here, we utilize the one-
parameter relationship of Stephens (1978) since we do
not have explicit observational information on particle
size.

The magnitude of CFg,, typically increases with LWP
(Fig. 6b) and cloud scenes with little LWP (i.e., mostly
ice) have only a small cooling effect. Observations near
CFgw = O W m~2 at higher values of LWP are due to
low sun angles while the SW cooling effect increases
when the sun is higher in the sky. For comparison, two
curves are calculated using (5) and the Stephens (1978)
cloud transmittance parameterization. The curves are
intended to place crude boundaries on the expected
spread of the data with the upper and lower curves
corresponding to characteristic days of early spring (60
= 80° and a = 0.8) and the middle of summer (0 =
60° and «, = 0.5), respectively. The fact that the two
curves bound the data suggests that (5) is a reasonable
approximation for CFg,.

The sensitivity of CFg, to cloud microphysicsis par-
ticularly important for thick clouds because clouds be-
come optically opague in the SW at higher values of
LWP than in the LW. Thus, as LWP increases, the cloud
SW shading effect continues to increase after the LW
greenhouse effect becomes saturated. Due to the com-



1 FEBRUARY 2004

1.0

Surface Albedo

2

| Contour levels are LWP in g m”
......... | TR EEE N ISR N RN AR TR AN FER R RN Rl PR TR E RN

0.0

30 40 50 60 70 80 90
Solar Zenith Angle [degrees]

Fic. 7. Contours of the cloud LWP value at which point the SW
surface cloud cooling effect becomes dominant over the LW warming
effect as a function of 6 and «,. The following parameters are as-
sumed: T, = —10°C, z. = 1 km, t, = 0.9, and t,, = 0.75.

plexity of the LWP—t relationship over areflective sur-
face, computing dCFg,, /JoLWP directly isdifficult. EQua-
tion (5) and Fig. 6b suggest that this sensitivity is in-
versely proportional to a, and LWP and directly pro-
portional to w,. Thus, as the surface albedo decreases,
the sun becomes higher in the sky, and/or the clouds
thin, CFg, becomes more sensitive to cloud micro-
physical composition.

Cloud optical depth is a particularly important pa-
rameter because it influences both of the competing
CFg, and CF,,,. Here we use LWP as a surrogate for
optical depth. At some LWP the cloud SW cooling ef-
fects surpass the LW warming effects for a given com-
bination of 0, «,, T,, and z,. Figure 7 shows contours
of this crossover LWP value versus 6 and «, calculated
from (6) and the Stephens (1978) parameterizations, for
atypical Arctic cloud at 1 km and —10°C. At SHEBA,
0 ranged from >90° to 54°, and «, ranged from 0.9 to
0.45. The LWP crossover value increases as both 6 and
a, increase. At warmer cloud temperatures or higher
cloud heights, the LWP crossover point also increases
(not shown). For 6 < 40° (i.e., at lower latitudes than
SHEBA), the crossover point becomesinsensitiveto sun
angle. For 6 > 70°, the solar insolation rapidly decreases
causing the cloud SW cooling effects to quickly de-
crease. These decreasesin turn cause the LWP crossover
value to increase to levels that are unreasonably high
for Arctic clouds (i.e., typical cloudswill have awarm-
ing effect). Interestingly, at low «, all contour linestend
to converge at a sun angle between 80° and 85°, which
may explain the statement made by Minnett (1999) that
the shift from cloud warming to cooling occurs at about

SHUPE AND INTRIERI

50 T T T ]

CFgy [W m™]

-150

-200L
50 60 70 80 90
Solar Zenith Angle [degrees]

Fic. 8. The relationship of solar zenith angle with CF,, for cloud
scenes with liquid (dots, solid line) and without liquid (diamonds,
dashed line). The curves show average relationships between these
parameters in 3° bins.

80° as 6 decreases. According to Fig. 7, thisis true for
a surface albedo less than about 0.4, which was likely
the case for Minnett's observations in an ocean envi-
ronment with broken seaice. As «, increases, the cross-
over sun angle becomes increasingly dependent upon
the cloud LWP Thus, Minnett's analysis is applicable
only for surface conditions and sun angles similar to
those encountered during the Arctic summer northeast
of Greenland. If the transition from cloud warming to
cooling occurred at 80°, independent of other parame-
ters, the SHEBA location would have experienced a
cloud cooling effect for at least one-half of the day for
22 April-29 August and for the full day for 11 June—
16 July. These trends were not observed (see Fig. 4).

b. Solar zenith angle and the diurnal cycle

The solar zenith angle contributes significantly to di-
urna and seasonal variations of Arctic CF Figure 8
shows a scatterplot of 6 versus CFg, for cloud scenes
containing liquid and those containing no liquid, aswell
as the average CFg,, over 3° wide bins for both of these
cloud scene types. For both cloud types, the SW shading
effect increases asthe sun risesin the sky. At the highest
sun angles observed at SHEBA, average cooling for all-
ice and liquid-containing cloud scenes was —15 and
—55 W m~2, respectively. The relationship between 6
and CFg,, suggests that asthe SHEBA site drifted north-
ward, the relative contribution of the cloud SW cooling
effect decreased. Thetotal changein zenith angle during
the sunlit months along the SHEBA drift track was about
5°. Had the observation site remained farther to the
south, the CF,, values reported here would have been,
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on average, larger by 3-4 W m~2 in the middle of the
summer and by as much as 8 W m~2 in the fall. Thus,
at lower latitudes, we expect the period in summer when
clouds have a net cooling effect on the surface (Fig. 4c)
to be longer.

The maximum CF,, at a given time is dependent on
theinsolation. We define the cloud forcing fraction, CFF,
asthe ratio of CFg, to TOA insolation. In amean sense
for the SHEBA location and conditions, the CFF for
liquid-containing cloud scenes was ~10%, and was
somewhat less for ice-only scenes (~3%). The upper
bound on CFF at SHEBA was about 25%. This upper
[imit is due to the maximum LWP and the minimum o
observed at SHEBA. These percentages can be used to
scale the expected CFg, to the insolation at a given
latitude, assuming cloud and surface properties are sim-
ilar to those observed at SHEBA.

Closely tied to 6 are the diurnal variations in surface
radiation and CFE. Net surface SW and LW fluxes had
annual-mean diurnal cycle variations of 54 and 5 W
m~2, respectively. In terms of forcing, the CFg, (Fig.
9b), CF,,,, and CF had annual-mean diurnal cycle am-
plitudes of 16, 3, and 19 W m~2, respectively. Note that
there was no significant diurnal cycle in cloudiness that
would have impacted the diurnal cycle of CE The
months of November through February showed no di-
urnal cycle of CFg, since there was virtually no inso-
lation during those months. Starting in March, the am-
plitude of the CFg, diurnal cycle increased monotoni-
caly (following the increase in daily average SW cool-
ing) until the middle of July after which the amplitude
again decreased (Fig. 9a). Since the maximum diurnal

cycle amplitude of SW flux occurred in June, it is clear
that other factors (i.e., «,) aso contributed to the diurnal
cycle of CFg,. Throughout the sunlit months, the min-
imum diurnal CFg,, cooling effect occurred near solar
midnight (~1100 UTC), and the maximum cooling oc-
curred near solar noon (~2200 UTC). In other words,
the shading effect of clouds is strongest when the sun
is highest in the sky.

c. Surface albedo

The annual minima of CFg, and «, occurred at nearly
the same time at SHEBA. Thus, the interactions of
clouds, radiation, and «, clearly play an important role
in the surface energy balance, formally called the ice—
albedo feedback. Over the SHEBA annual cycle, o (cal-
culated from radiometer measurements) ranged from
roughly 0.9 in the winter to a minimum of about 0.45
in the late summer (Persson et al. 2002). As the albedo
decreased, the CFg, cooling effect increased steadily
because relatively more SW radiation was absorbed by
the surface under clear skies. The sensitivity of CFg,
to a,, dCFg,/day, is inversely related to t., a, and 6.
Thus, the sensitivity increases from the winter to the
summer as each of t., a,, and 0 decreases. For typical
late-spring Arctic conditions (0 = 60°, a, = 0.6, LWP
= 50 g m~2), a decrease in the surface albedo of 0.1
will cool the surface by about 40 W m~2 in the SW,
constituting a negative radiative feedback.

7. Summary

An annual cycle of surface-based observations are
utilized to identify the radiatively important properties
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of Arctic clouds over multiyear sea ice. Cloud phase,
microphysics, temperature, and height are each radia-
tively important in the surface energy balance and have
been examined here. Additionally, the indirect impacts
of solar zenith angle and surface albedo have been ad-
dressed. The analysis is based on cloud and radiation
measurements made as part of the SHEBA program in
the Beaufort and Chukchi Seas during 1997-98. Cloud
radiative forcing, defined as the net radiation under all
skies minus the net radiation under clear skies, was cal-
culated for the SHEBA annual cycle and reported by
Intrieri et al. (2002a). The cloud forcing dataset is ex-
plored further in this study to distinguish and examine
the properties of clouds that are most radiatively im-
portant. A first-order radiative flux model is used to
illustrate these radiatively important parameters. When
possible, the sensitivity of cloud radiative impacts to
pertinent parameters is also discussed in order to assess
how the cloud—radiation interaction may respond to po-
tential changes in these parameters. Results presented
here cover an annual cycle (the first dataset of its type
in the Arctic) for asite that drifted in the western Arctic
basin. These results will not necessarily characterizethe
entire Arctic region nor be representative of all years;
however, the authors feel it is a reasonable description
of how clouds influence the surface radiative balance
of the permanent ice pack of the Arctic Ocean. Major
conclusions presented here include:

» Surface cloud forcing is a complex function of cloud
properties (phase, optical depth, LWP, particle size,
emitting temperature, height), solar zenith angle, and
surface albedo.

» The sensitivity of CF,,, to cloud fraction is approxi-
mately linear with an average sensitivity coefficient
of 0.65 W m~2 per percent cloudiness. The sensitivity
of CFg, to cloud presence is dependent on the total
insolation, varying from O under no insol ation to about
1.0 W m~2 per percent cloudiness under the highest
insolation observed at SHEBA. An increase in cloud-
iness will impart greater surface warming relative to
current conditions for most of the annual cycle, when
LW effects are stronger, but will enhance surface cool-
ing for afew weeks in midsummer, when SW shading
effects are stronger.

* Ninety-five percent of LW radiatively important cloud
scenes had bases below 4.3 km. During the winter,
spring, and summer, 95% of the radiatively important
cloud scenes had base temperatures warmer than
—36°, —30°, and —10°C, respectively. The Arctic LW
radiative balance is strongly impacted by frequent
temperature inversions.

e The CF,,, increases with T,, and the sensitivity of
CF_,, to cloud temperature is about 1 W m~2°C-* for
optically thick clouds at typical Arctic cloud temper-
atures.

» The CF,,, is particularly sensitive to LWP for LWP
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< 30 g m~2 but insensitive to higher LWPs, at which
point clouds act as blackbody emitters.

» Cloud SW transmittance and the sensitivity of CFg,
to LWP both decrease as LWP increases, but there is
less of a saturation effect than is seen in the LW.

» The LWP crossover point where SW cloud cooling
effects surpass LW warming effects increases as 6,
ag, T., and z. increase. At SHEBA, the crossover point
was typically at unreasonably high values of LWP
(>400 g m~2) except in midsummer (low 6 and «)
when the crossover threshold reached below 20 g m~2.

* The maximum CF,, islimited by the TOA insolation;
CF,, was at most 25% of the insolation and, on av-
erage, 10% for liquid-containing and 3% for ice-only
cloud scenes.
Cloud SW shading effectsincrease with sun elevation.
Surface CFg,, undergoes an annually averaged diurnal
cycle, ranging from no cycle in the winter (no sun)
to a maximum monthly averaged diurnal amplitude of
about 60 W m~2 in July. The minimum diurnal SW
cloud cooling effect occurs near solar midnight, and
the maximum daily cooling occurs near solar noon.

Cloud induced SW surface cooling increases with de-

creasing surface albedo.

In summary, the results presented here demonstrate
that low-level liquid clouds are dominant in theradiative
balance of a multiyear seaice surface, while ice clouds
of any type, including diamond dust, are not as impor-
tant. Liquid clouds are the significant factor in the over-
all positive cloud forcing (LW warming) that occurs
over most of the year, acting as insulating layers that
trap the earth’s radiation. These same clouds are also
predominantly responsible for the negative forcing (SW
cooling) that occurs for a few weeks in the middle of
summer when the sun is highest in the sky, and the
surface albedo is at its annual minimum. Cloud liquid
can occur with relatively high, and previously unex-
pected, frequency in the winter and be present at tem-
peratures as low as —35°C and up to 6.5 km in altitude
(Intrieri et al. 2002b). Since many models currently pa-
rameterize liquid presence and amount as a function of
temperature above a given threshold (e.g., —22°Cinthe
model of Curry and Ebert 1992), the important radiative
contributions of thin, wintertime liquid layers may be
incorrectly represented and/or falsely attributed to di-
amond dust. Future work in the field of Arctic clouds
and radiation will be greatly facilitated by the placement
of depolarization lidars at key Arctic locations as well
as improvements to liquid water retrievals from micro-
wave radiometers.
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